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Edited by T. YeatesThe ESCRT (endosomal sorting complexes re-
quired for transport) machinery consists of the five
different protein complexes, ESCRT-0, ESCRT-I,
ESCRT-II, ESCRT-III and the AAA ATPase Vps4 [1].
The ESCRTs direct multiple cellular membrane
remodeling events, ranging from the biogenesis of
multivesicular bodies and exosomes to the final
membrane abscission stage of cytokinesis [2]. The
ESCRTs are exploited by human immunodeficiency
virus type 1 and many other enveloped viruses to
facilitate their escape from the cells [3]. All of these
pathways converge in the scission of the narrow
membrane neck that connects bud to parent mem-
brane or daughter cell to daughter cell. Scission results
from the polymerization of soluble ESCRT-III mono-
mers or dimers into tightlymembrane-bound filaments.
ESCRT-III filaments are very stable and are
disassembled in an active process by the AAA
ATPase Vps4 [4]. Vps4 is absolutely required for the
functions of the ESCRTs in cells because it is
essential to replenish the pool of soluble monomers.
ATP hydrolysis at this stage is the main thermody-
namic driving force for the ESCRT cycle. Vps4 has
also been proposed to have pre-scission roles in
addition to disassembly [5]. The centrality of Vps4 to
the ESCRT cycle has spurred more than a decade of
efforts to understand how Vps4 pulls apart ESCRT-III
filaments. These efforts have led to a detailed picture
of how at least two different sites on the N-terminal
MIT domain of Vps4 bind to MIMs (MIT-interacting
motifs) of the ESCRT-III subunits [6]. There is a
consensus that the dimericMIT domain proteinVta1 is
a potent allosteric activator of Vps4. It is accepted that
Vps4 oligomerizes into a ring structure whose central
pore is essential for function [7], like many other AAA
ATPases [8].
However, basic questions about the mechanism
of Vps4 have persisted, in large part, because ofatter © 2013 The Authors. Published by Elseconfusion over the quaternary structure of Vps4.
Structural studies of the Vps4 assembly have focused
on the catalytically inactivatedE233Q (Saccharomyces
cerevisiae numbering) construct or used non-hydrolyz-
able ATP analogues, a common and widely accepted
practice. These studies all led to the conclusion that
Vps4 assembled into a functional double ring, usually a
dodecamer, or in one case, a tetradecamer. Monroe et
al. have now shown that, in the presence of ATP,
wild-type Vps4 is hexamer [9], corresponding to a
single-ring assembly. The findings are consistent when
assessed by size-exclusion chromatography and
analytic ultracentrifugation. Moreover, the hexameric
structure was shown to be ancient, conserved in the
active state of the Vps4 orthologs of the Crenarchaea.
This feature had been neglected previously because
high temperature is necessary to achieve the active
state of Vps4 from these thermophilic archaebacteria.
Taken together, these data provide overwhelming
evidence that the active, functional form of Vps4 is
hexameric. This serves as a wake-up call to the field
about our over-reliance on inhibited forms of ATPases
and castsmodels of Vps4 function in a new and clearer
light.
One of the most elegant aspects of the single-ring
structure of Vps4 is that it places all of the MIT
domains on the same side of the ring. This is
precisely what one would expect for an enzyme
whose substrate is an extended membrane-bound
assembly (Fig. 1). In the now-discarded double-ring
models, it was never clear what the function of the
second ring of MIT domains was. The second ring of
MIT domains would have been too far away from the
membrane to contact ESCRT-III. The hexamer also
fits elegantly with what we know about Vta1. Vta1 is
a functional dimer [10], which at one time had been
considered as a candidate to promote double-ring











Fig. 1. Model of the interaction between a single-ring Vps4 hexamer and the surface of a membrane-bound ESCRT-III
filament. The yellow and blue patches on the MIT domain of Vps4 represent binding sites for the MIM1 and MIM2
interacting motifs, respectively, such that each Vps4 hexamer binds to up to 12 ESCRT-III subunits.
504 Vps4Vta1 is incompatible with double-ring formation [11].
The symmetry of the assembly is, however, com-
patible with the association of multiple single-ring
hexamers in a planar or near-planar layer on top of
membrane-bound ESCRT-III (Fig. 2B).
Having defined Vps4 as a hexamer, this begs the
next question: what is the structure of the hexamer
itself? AAA ATPases are machines with moving
parts; thus, the question might be better framed as
“what are the structures of the hexamer at each step
in the disassembly reaction?” Electron microscopy
structures of the double-ring assemblies have
highlighted that the two rings are very different in
structure. While these double-ring structures are
now known to be non-physiological, they comprise
the only available structural data on Vps4 oligomers.
We therefore need to consider that there may still be
useful inferences to be extracted from them. The
lower ring has been modeled based on homology to
the crystallized symmetric hexamer of the D1 ring of
p97, and this model is supported by mutational
analysis of predicted interfacial residues [7,9]. No
model is available for the upper ring. It is therefore
hard to say whether or not the upper ring represents
a state that occurs during the normal reaction cycle.
Clearly, structural elucidation of the full Vps4
reaction cycle continues to be one of the major
goals in this field. Monroe et al. note that many
attempts to crystallize active Vps4 ring assemblies
have failed, and they suggest that this may be
because the ring is likely to be asymmetric as part ofits function. Indeed, the best understood of all AAA
ATPases, ClpX, consists of subunits that are in
non-identical conformations within the ring. Never-
theless, ClpX rings containing conformationally
non-identical subunits have been crystallized [13].
Thus, we continue to hold out hope for progress.
The possible role of Vps4 in membrane scission is
one of the most interesting and debated questions in
the ESCRT field. In vitro reconstitution of membrane
scission showed that, in principle, ESCRT-III can
carry out this reaction in the absence of Vps4, ATP
or other ESCRTs [14]. Structures of ESCRT
assemblies on membranes and membrane elasticity
theory are consistent with the “dome” model [15]. In
this model, membrane-bound ESCRT filaments
self-assemble and bind membranes so strongly
that they drag the associated membrane elements
close enough together to fuse across the neck,
leading to scission [15] (Fig. 2D and E). This model
has been contested [5] on the basis of live cell
imaging data showing that, in both human immuno-
deficiency virus type 1 budding [16,17] and cytoki-
nesis [18], Vps4 arrives at membrane necks prior to
scission. In Fig. 2, we offer a model that is consistent
with all of the observations in the field. Vps4
hexamers contain 12 MIM binding sites because
each Vps4 monomer has one MIT domain that
contains one binding site for the MIM1 motif and one
for the MIM2 motif. Each Vta1 monomer contains
two MIT domains, and each Vta1 MIT domain has
one known MIM binding site. It would not be
Fig. 2. Model for the role of Vps4 before, during and after membrane scission. Adapted from Ref. [12]. (A) ESCRT-III
filaments are nucleated by the upstream complexes ESCRT-I and ESCRT-II. Vps4 hexamers are in turn recruited to
ESCRT-III filaments via the MIT–MIM interactions shown in Fig. 1b and c. Based on the size of endosomal buds in yeast,
we estimate that there is room for at least three Vps4 hexamers at the neck of a single bud in yeast. (D) Multivalent binding
by Vps4 promotes the annealing of ESCRT-III filaments into the shape of a dome. This step is ATP independent. (E) The
formation of the dome pulls the attached membrane together, leading to fusion of membrane across the bud neck and,
thus, to scission of the neck. (F) ESCRT-I and ESCRT-II dissociate independent of ATP hydrolysis. (G) Vps4 uses its pore
and conformational changes driven by ATP hydrolysis to pull ESCRT-III monomers out of the filament, resetting the
ESCRT cycle for another round of membrane budding.
505Vps4surprising if an oligomer that bound its substrate
icositetravalentally (24-fold valence) was capable of
annealing ESCRT-III filaments (Fig. 2C and D).
Consistent with this model, overexpression of EQ
inactive Vps4 draws ESCRT filaments together into
tightly packed assemblies on cell membranes [19].
This model raises the question as to when and how
Vps4 switches from being an assembly factor to a
disassembly factor. Now that we finally know what
the real active form of the Vps4 oligomer is, the
mechanistic insight needed to resolve these ques-
tions will, we hope, begin to flow more quickly.
This is an open-access article distributed under the terms
of the Creative Commons Attribution License, which
permits unrestricted use, distribution and reproduction in
any medium, provided that the original author and source
are credited.
References
[1] Hurley JH. The ESCRT complexes. Crit Rev Biochem Mol
Biol 2010;45:463–87.
[2] Agromayor M, Martin-Serrano J. Knowing when to but and
run: mechanisms that control cytokinetic abscission. Trends
Cell Biol 2013;23:433–41.[3] Sundquist WI, Krausslich HG. HIV-1 assembly, budding, and
maturation. Cold Spring Harbor Perspect Med 2012;2:
a006924.
[4] Babst M, Wendland B, Estepa EJ, Emr SD. The Vps4p AAA
ATPase regulates membrane association of a Vps protein
complex required for normal endosome function. EMBO J
1998;17:2982–93.
[5] Henne WM, Stenmark H, Emr SD. Molecular mechanisms of
the membrane sculpting ESCRT pathway. Cold Spring
Harbor Perspect Biol 2013;5:a016766.
[6] Hurley JH, Yang D. MIT domainia. Dev Cell 2008;14:6–8.
[7] Scott A, Chung HY, Gonciarz-Swiatek M, Hill GC, Whitby FG,
Gaspar J, et al. Structural and mechanistic studies of VPS4
proteins. EMBO J 2005;24:3658–69.
[8] Martin A, Baker TA, SauerRT. Pore loops of theAAAplusClpX
machine grip substrates to drive translocation and unfolding.
Nat Struct Mol Biol 2008;15:1147–51.
[9] Monroe N, Han H, Gonciarz MD, Eckert DM, Karren
MA, Whitby FG, et al. The oligomeric state of the active
Vps4 AAA ATPase. J Mol Biol 2014;426:510–25.
[10] Xiao J, Xia H, Zhou J, Azmi I, Davies BA, Katzmann DJ, et al.
Structural basis of Vta1 function in the multi-vesicular body
sorting pathway. Dev Cell 2008;14:37–49.
[11] Yang D, Hurley JH. Structural role of the Vps4–
Vta1 interface in ESCRT-III recycling. Structure
2010;18:976–84.
[12] Boura E, Rozycki B, Chung HS, Herrick DZ, Canagarajah B,
Cafiso DS, et al. Solution structure of the ESCRT-I and -II
supercomplex: Implications for membrane budding and
scission. Structure 2012;20:874–86.
506 Vps4[13] Glynn SE, Martin A, Nager AR, Baker TA, Sauer RT.
Structures of asymmetric ClpX hexamers reveal nucleotide-
dependent motions in a AAA plus protein-unfolding machine.
Cell 2009;139:744–56.
[14] Wollert T, Wunder C, Lippincott-Schwartz J, Hurley JH.
Membrane scission by the ESCRT-III complex. Nature
2009;458:172–7.
[15] Fabrikant G, Lata S, Riches JD, Briggs JAG, Weissenhorn W,
Kozlov MM. Computational model of membrane fission
catalyzed by ESCRT-III. PLoS Comput Biol 2009;5:e1000575.
[16] Baumgartel VBV, Ivanchenko S, Dupont A, Sergeev M,
Wiseman PW, Krausslich HG, et al. Live-cell visualization ofdynamics of HIV budding site interactions with an ESCRT
component. Nat Cell Biol 2011;13:469–74.
[17] Jouvenet NJN, Zhadina M, Bieniasz PD, Simon SM.
Dynamics of ESCRT protein recruitment during retroviral
assembly. Nat Cell Biol 2011;13:394–401.
[18] Elia N, Sougrat R, Spurlin T, Hurley JH, Lippincott-
Schwartz J. Dynamics of ESCRT machinery during
cytokinesis and its role in abscission. Proc Natl Acad Sci
USA 2011;108:4846–51.
[19] Hanson PI, Roth R, Lin Y, Heuser JE. Plasma membrane
deformation by circular arrays of ESCRT-III protein filaments.
J Cell Biol 2008;180:389–402.
